Abstract
production. The lower yield but improved quality of liquid oil through catalytic pyrolysis are 23 due to catalytic features such as microporous structure and high BET surface area. The liquid 24 oils, both from thermal and catalytic pyrolysis consist of around 99% aromatic hydrocarbons, 25 as further confirmed by GC-MS results. FT-IR analysis showed chemical bonding and 26 functional groups of mostly aromatic hydrocarbons, which is consistent with GC-MS results. 27 The produced liquid oils are suitable for energy generation and heating purposes after the 28 removal of acid, solid residues and contaminants. Further upgrading of liquid oil or blending 29 with diesel is required for its use as a transport fuel.
products (char and gases) (Sharma et al., 2014) . The pyrolysis process involves thermal and 79 catalytic cracking of complex organic molecules into smaller molecules or short chain 80 hydrocarbons (Demirbas et al., 2015a; Kartal et al., 2011) . The overall process mechanism is 81 complicated but mainly involves four steps: initiation, transfer, decomposition and termination 82 (Faravelli et al., 2001) . Computer simulation studies consider hundreds of possible reactions 83 happening during the thermal cracking of substrate (Zhang et al., 2015) . The process depends 84 on a series of factors including temperature, residence time, heating rates, feedstock 85 composition, presence of moisture or toxic elements and the use and types of catalysts In catalytic pyrolysis, the plastic waste is depolymerized into an improved liquid oil at lower 91 temperature (~400 °C) in comparison to thermal pyrolysis, which is carried out in absence of 92 catalyst at higher temperature (~500 °C) (Miandad et al., 2016b) . The liquid oil of thermal 93 pyrolysis is often unstable, low-grade, acid-corrosive, tarry and discoloured (Al-Salem et al., 94 2009; Hernandez et al., 2007) . While the catalytic pyrolysis although decreases the liquid oil 95 yield, but increases its quality ( Table 2 ). The selection of catalyst in catalytic pyrolysis depends 96 on the desired products such as liquid oil, char and gases and their quality (Walendziewski et can be used in modified diesel engine vehicles after upgrading its gasoline range hydrocarbons 103 (C4 -C12) through refining and blending with conventional fuels. Furthermore, the liquid oil 104 can be used in heat generation and electricity production after removing the acid, solid residues, 105 and contaminants present in the oil (Demirbas et al., 2015a) . The value-added products such as 106 styrene, benzene, toluene and other condensed aromatic hydrocarbons either cyclic or arenes 107 can also be obtained by distillation and refining process of liquid oil (Demirbas 2004; 108 In the Kingdom of Saudi Arabia (KSA) and in Gulf region, there exists no WTE facility to 111 convert the plastic waste into energy and value-added products. Similarly, the plastic waste and 112 natural zeolite have not been characterized for their potential role as an energy source and 113 catalyst in pyrolysis technology. This study aims to determine the quality of liquid oils 114 produced from thermal and catalytic pyrolysis using PS plastic waste in a small pilot scale 115 pyrolysis reactor. The effect of synthetic and natural zeolite catalysts were studied on the 116 fractions of liquid oils, gases and char in comparison to thermal pyrolysis. The quality of 117 produced liquid oil is evaluated based on its physico-chemical properties and energy contents. 
Experimental setup

149
A small pilot scale pyrolysis reactor has been designed and used for thermal cracking of plastic 150 waste into liquid oil, gases and char (Figure 1) . The reactor is a closed system to operate in the 151 absence of O2 and has a capacity to achieve up to 600 °C using desired heating rates. The 152 reactor is made of stainless steel and has a height of 360 mm with 310 mm diameter and a 153 capacity of 20 L (Table 3) . There is also a pressure gauge connected with pyrolysis reactor to 154 monitor the pressure to switch off in case of excess pressure build-up. The system can work 155 both as a thermal or catalytic pyrolysis process. During the catalytic pyrolysis, the powder 156 catalyst was mixed with the feedstock in the pyrolysis reactor to study its effect on the final 157 products yield and quality. The sample was heated and melted in the reactor, producing organic 158 vapours. These vapours moved to a condenser unit and were converted into liquid oil by using plate was lowered at a controlled rate so that the sample was sandwiched between the two 239 plates. The temperature was set to 40 °C and the shear rate range was set between 1-500 1/s.
240
The rheometer was first calibrated using viscosity standard liquid followed by actual liquid The lowest liquid oil yield and highest gas production in catalytic pyrolysis with synthetic 300 zeolite can be due to its microporous structure and high BET surface area ( Figure 5 ). Seo et al.
301
(2003) also reported that use of microporous catalyst with high BET surface area will lead to 302 an increase in gas and decrease in liquid oil yields. The natural zeolite has lower BET surface 303 area and microporous structure as compared to synthetic zeolite, thus increasing the char The FT-IR analysis of the PS plastic raw material was also carried out and its spectrum is Moreover, production of styrene initially increases with an increase of temperature but further 383 increase in temperature to above 500 °C showed a declining trend in the styrene production.
384
Beyond 500 °C, it is reported that styrene production decreases with the increase in the Styrene production is also effected by the selection of catalyst. Styrene production is higher in 403 catalytic pyrolysis as compared to thermal pyrolysis when solid base catalyst was used (Shah 404 and Jan, 2014 pyrolysis in this study (Figure 6 ). Since the structure of the synthetic zeolite would be more 416 pure and highly crystalline than natural zeolite, it is therefore probably more acidic in nature The energy content is one of the most important characteristics of any fuel in its applications 421 and it can be characterised by its HHV. The higher the HHV value of a fuel, the higher the The quality of liquid oil produced needs to be improved further in terms of removing some of Fuel upgrading (refining, blending, purification)
Gasoline range hydrocarbons 
